Recently, phase-change materials (PCMs) have drawn more attention due to the dynamically tunable optical properties. Here, we investigate the active control of electromagnetically induced transparency (EIT) analogue based on terahertz (THz) metamaterials integrated with vanadium oxide (VO2). Utilizing the insulator-to-metal transition of VO2, the amplitude of EIT peak can be actively modulated with a significant modulation depth. Meanwhile the group delay within the transparent window can also be dynamically tuned, achieving the active control of slow light effect. Furthermore, we also introduce independently tunable transparent peaks as well as group delay based on a double-peak EIT with good tuning performance. Finally, based on broadband EIT, the active tuning of quality factor of the EIT peak is also realized. This work introduces active EIT control with more degree of freedom by employing VO2, and can find potential applications in future wireless and ultrafast THz communication systems as multi-channel filters, switches, spacers, logic gates and modulators.
The top view for the unit cell of proposed VO2-embedded MM is illustrated in Fig. 1(a) , and corresponding geometric parameters are given in the caption of Fig. 1 . The unit cell includes double split-ring resonators (SRRs) side-coupled with one cut-wire resonator (CWR). Resonators are all made of aluminum (Al) and the gaps of SRRs are both embedded with VO2. The substrate is chosen as silicon (Si) and is assumed to be semi-infinite in the z direction. The unit cell is periodic along x and y direction. Here, Al is described as a lossy metal with the conductivity undergoes an insulator-to-metal transition. Such phase-change transition can be realized by thermal, electrical and optical stimuli. VO2 has a gentle phase-change temperature at 340 K approximately, but thermal and electrical (which also attributes to the thermal effect) method only possess subsecond switching time [30] . However, sub-ps response time can be expected under the optical stimulus [31] . Here, we set 10 σ = S/m and 10 5 S/m when VO2 is in its insulating and fully metallic state, respectively [32, 45] .
The numerical simulation is investigated via finite-difference time-domain (FDTD) method.
In the simulation, the periodical boundary conditions are adopted in the x and y directions and perfectly matched layers (PMLs) are employed in the z directions. Moderate mesh size is employed to ensure the simulation accuracy. A THz plane wave source with y-direction polarization and zdirection injection is set on the top of the MM, and a power monitor is put in the lossless substrate to detect the transmission.
Results and discussion
At first, EIT analogue is numerically investigated based on the proposed MM without VO2. supported on CWR. Therefore, the near-field coupling between bright and dark modes will bring about the destructive interference, leading to a transparent peak in the transmission spectrum at 0.62
THz as shown in Fig. 1(b) , the corresponding distribution of |E| is depicted in Fig. 1 (e). Such phenomenon is known as EIT analogue, and can be quantitatively described by a coupling harmonic oscillator model. All the theoretical details will be discussed in section 4, and the result of quantitative calculation is also plotted in Fig. 1(b) , showing a good fitting with simulated result. Next, VO2 islands are embedded in the gaps of the two SRRs as shown in Fig. 1 (a), and transmission spectra under different conductivities of VO2 are presented in Fig. 2 (a). When VO2 is in the insulating state with conductivity 10 S/m, the transparent peak is significant. However, as VO2 transforms to the metallic state, the increasing conductivity will lead to a continuous decline of the peak amplitude. When VO2 comes to its fully metallic states with conductivity 10 5 S/m, EIT is totally suppressed. Meanwhile, the dispersion modulation will be introduced within the transparent window. Therefore, the phase shift of transmitted EM waves, defined as the phase difference between the power monitor and the source, is also dramatically modified as shown in Fig.   2 (b), which will also cause the change of group velocity. The group delay, i.e., the slow light effect, can be assessed by the delay time [44] :
where g τ is the delay time, and ψ( ) ω stands for the phase shift. The delay time corresponding to different conductivities of VO2 is shown in Fig. 2(c) . Obviously, as the peak of EIT goes down, the delay time within the transparent window will drop simultaneously. To evaluate the modulation quantitatively, the transmission as well as delay time at 0.63 THz under different conductivities are plotted in Fig. 2(d respectively, is 98.46%. At the same time, the delay time can be manipulated from 5.06 ps to be negative. Therefore, active control of the transmitted THz radiation intensity as well as group velocity can be achieved by such structure with significant performance. Furthermore, the EIT with double independently tunable peaks is also proposed based on the structure shown in Fig. 4 (a) . At first, two pairs of SRRs with different side lengths are introduced on both sides of CWR without VO2, and the coupling between the bright mode and dark modes with two different resonant frequencies will introduce two transparent peaks, the simulated and calculated transmission spectra are given in Fig. 4 (b) . Then, VO2 is embedded in SRRs on the left side of CWR. When the conductivity of VO2 rises, peak 2 will drop, while the amplitude of peak 1 will remain unchanged, as shown in Fig. 5(a) . At the same time, the variation of the phase shift as well as the group delay is also accompanied as depicted in Fig. 5(b, c) . Clearly, the dispersion modulation is mainly introduced within the right transparent window. The transmission and delay time within the two transparent peaks, at 0.56 THz and 0.65 THz, are plotted under different conductivities as given in Fig. 5(d) . For the peak 2, the transmission at 0.65 THz can be switched from 66% to 0.36% with the MD 99.45%, and the delay time can be tuned from 3.20 ps to be negative. However, for the peak 1, these values are almost stable. The transmission at 0.56 THz remain at 62%, and delay time changes from 3.76 ps to 3.03 ps merely. Similarly, if VO2 is embedded in SRRs on the right side of CWR, the intensity of peak 1 as well as the dispersion within it will be tuned, while peak 2 will remain stable. The corresponding transmission spectra, phase shift and delay time with different conductivities of VO2 are shown in Fig. 6 (a-c) , the detailed values of transmission as well as delay time at 0.56 THz and 0.65 THz are plotted in Fig. (d) . Expectedly, the transmission can be modulated from 59% to 2.3% with the MD 96.1% at 0.56 THz, and the delay time varies from 3.72 ps to be negative. Meanwhile, the transmission and delay time at 0.65 THz maintain at 69% and 3.34 ps, respectively. Therefore, the amplitudes of two peaks as well as the group delay within two transparent windows can be independently tunable utilizing VO2. More importantly, if VO2 islands are embedded into all four SRRs, the two peaks can be controlled both simultaneously and independently, as long as technically realizing separate stimulation of VO2 islands on each side of CWR. What's more, EIT with more peaks can be realized by introducing more different coupled dark modes [47] , and each peak can also be independently controlled using the strategy described above. Obviously, such structure can provide double switchable THz channels, and can play an important role in THz active devices. Finally, we investigate EIT with tunable quality (Q) factor based on the framework presented in Fig. 7(a) . At first, the broadband EIT is realized by coupling four ideal SRRs without VO2 beside the CWR, the simulated and calculated transmission spectra are shown in Fig. (b) . Next, via embedding VO2 into the gaps of SRRs on the one side of CWR, the Q factor of EIT resonance can be tuned as shown in Fig. 8(a) , the corresponding phase shift and delay time dynamics are also provided in Fig. 8(b, c) . The group delay at the center transparent frequency 0.61 THz and the width at half maximum (FWHM) of the transparent peak under different conductivities of VO2 are shown in Fig. 8(d) . With the increasing conductivity, the FWHM can be narrowed from 0.15 THz to 0.09
THz, thus the Q factor, defined as Q FWHM ω = , is switched from 4.07 to 6.78. Meanwhile, the transmission at center frequency is unchanged. Besides, the delay time increases from 2.45 ps to 3.64 ps at the cost of the reduction of effective slow light bandwidth. This is normal since a sharper peak of EIT indicates a more intense dispersion, which will bring about more significant slow light effect. This structure provides a way to modulate the bandwidth of transmitted waves as well as the effective slow light region. However, there is a trade-off between the bandwidth and intensity of the slow light effect.
Theoretical calculation
The MM-based EIT analogue can be quantitatively described by a coupling harmonic oscillator model [48, 49] . We start from the double-peak EIT case, which can be described by a three-oscillator model. In this model, the CWR is seen as the oscillator 1 excited by the external electric field E(t).
The two pairs of SRRs are represented by two oscillators 2 and 3, which are driven only via the coupling with oscillator 1. The coupled differential equations are as follows: 2  1  1 1  1 1  12 2  13 3   2  2  2 2  2 2  12 1   2  3  3 3  3 3  13 1 ( ) 
The profile of EIT transmission spectrum can be fitted utilizing the equation (4), and all the calculated results in this paper are obtained by this method. In the double-peak EIT case, 2 ω and 3 ω are considered to be different. In the broadband EIT case, 2 ω and 3 ω are the same. In the single-peak EIT case, oscillator 3 is absent, thereby 3 Q , 3 ω , 3 γ and 13 κ are all equal to zero.
Conclusion
In summary, EIT analogue based on a VO2-assisted MM in THz band is proposed. Utilizing the insulator-to-metal transition of VO2, we achieve diverse EIT modulations, including amplitudes, group delay, number of peaks and Q factor modulations of EIT. Under optical stimulation, sub-ps response time can be expected in these modulation processes. This work introduces active control of EIT with more degree of freedom, and can find potential applications in future wireless and ultrafast THz communication systems as multi-channel filters, switches, spacers, logic gates and modulators.
